Abstract. Electron energy and angular distributions in the process of low-energy elastic neutrino-electron scattering are treated in the free-electron approximation. The effects of the millicharges, magnetic, electric, and anapole moments of massive neutrinos along with the flavor change of neutrinos traveling from the source to the detector are taken into account under the assumption of three-neutrino mixing. The footprints of neutrino electromagnetic interactions in the electron energy and angle distributions are discussed.
Introduction
In the standard model neutrinos are massless left-handed fermions which very weakly interact with matter via exchange of the W ± and Z 0 bosons. The development of our knowledge about neutrino masses and mixing [1] [2] [3] provides a basis for exploring neutrino properties and interactions beyond the standard model (BSM). In this respect, the study of nonvanishing electromagnetic characteristics of massive neutrinos is of particular interest [4] [5] [6] . It can help not only to shed light on whether neutrinos are Dirac or Majorana particles, but also to constrain the existing BSM theories and/or to hint at new physics.
The possible electromagnetic properties of massive neutrinos include the electric charge (millicharge), the charge radius, the dipole magnetic and electric moments, and the anapole moment. Their effects can be searched in astrophysical environments, where neutrinos propagate in strong magnetic fields and dense matter [7] , and in laboratory measurements of neutrinos from various sources. In the latter case, a very sensitive and widely used method is provided by the direct measurement of low-energy elastic (anti)neutrino-electron scattering in reactor, accelerator, and solar experiments. A typical strategy of such experiments consists in determining deviations of the energy spectrum of recoil electrons from the prediction of the standard model of the electroweak interaction. On the other hand, one can study the angular distribution of recoil electrons rather than their energy spectrum. The present work aims at pointing out the effects of neutrino electromagnetic interactions both on the energy and on the angular distributions of recoil electrons in the scattering experiments.
The paper is organized as follows. Sec. 2 gives a brief account of neutrino electromagnetic properties. In Sec. 3, general formulas for the energy and angular differential cross sections are presented. Then, in Sec. 4, marked features of the energy and angulaer distributions of recoil electrons are discussed. The conclusions are drawn in Sec. 5.
Electromagnetic properties of massive neutrinos
The effective electromagnetic interaction Hamiltonian for massive neutrino fields can be presented as
where possible transitions between different massive neutrinos are also taken into account. The effective electromagnetic vertex in momentum-space representation depends only on the fourmomentum q = p j − p k transferred to the photon. At low neutrino energies it can be expressed as follows:
where σ µν = (γ µ γ ν −γ ν γ µ )/2, and e jk , µ jk , ǫ jk , and a jk are, respectively, the neutrino millicharge, magnetic moment, electric moment, and anapole moment of diagonal (j = k) and transition (j =k) types. Since a Majorana field has half the degrees of freedom of a Dirac field, its electromagnetic properties are also reduced, namely in the Majorana case the charge, magnetic and electric form-factor matrices in the mass basis are antisymmetric and the anapole form-factor matrix is symmetric. Therefore, a Majorana neutrino does not have diagonal charge and dipole magnetic and electric moments. It can only have a diagonal anapole moment. At the same time, Majorana neutrinos can have as many transition moments as Dirac neutrinos.
Differential cross sections
We consider the process where an ultrarelativistic Dirac neutrino with flavor ℓ and energy E ν originates from a source and elastically scatters on an electron in a detector at energy transfer T . If the neutrino is born in the source in the flavor state |ν ℓ , then its state in the detector is
where |ν k is the physical neutrino state with mass m k and L is the source-detector distance. The simplest model of the electron system in the detector is a free-electron model, where it is assumed that electrons are free and at rest. This approximation is supposed to be generally applicable if the energy-transfer value T is much larger than the electron binding energy in the detector (for the analysis and discussion of the effects beyond the free-electron approximation see, for instance, Refs. [8] [9] [10] [11] [12] and references therein). In the scattering experiments the observables are the kinetic energy T e of the recoil electron and/or its solid angle Ω e . From the energy-momentum conservation one gets
where θ e is the angle of the recoil electron with respect to the neutrino beam and ξ = m e /E ν . The cross section, which is differential with respect to the electron kinetic energy T e , is given by [13] dσ
where
Here δm 2
with g V = 2 sin 2 θ W − 1/2 and g A = −1/2, and
The quantities (e ν ) jk (measured in units of e), r 2 ν jk , and (µ ν ) jk (measured in units of µ B ) are defined as follows:
The angular differential cross section readily derives from the energy differential cross section (5), using the relations (4). One thus gets
In the case of Dirac antineutrinos, one must make the following substitutions in the above formulas: 
Energy and angular distributions of recoil electrons
The energy distribution of recoil electrons N e − (T e ) is determined by the differential cross section (5) . The kinetic energy of recoil electrons ranges from 0 to T max e , where
When T e → 0 the contributions to the recoil-electron spectrum due to weak, millicharge, and magnetic scattering channels exhibit qualitatively different dependencies on T e , namely
The angular distribution of recoil electrons P e − (Ω e ) is confined within the forward hemisphere, i.e., 0 ≤ θ e ≤ π/2. According to Eq. (4), the θ e = 0 case amounts to T e = T max e , and when θ e → π/2 the electron kinetic energy is T e → 0. The weak-interaction, millicharge, and magnetic components of the electron angular distribution in the vicinity of θ e = π/2 behave as follows:
It can be seen that the contribution to the electron angular distribution associated with the weak interaction vanishes at θ e = π/2. At the same time, the e ν and µ ν contributions to the electron angular distribution infinitely grow in the limit θ e → π/2. This means that the closer the electron angle to π/2 the higher sensitivity to neutrino millicharges and magnetic moments one might expect when measuring the electron angular distribution.
Summary and concluding remarks
We have considered theoretically the low-energy elastic neutrino-electron collision, taking into account electromagnetic interactions of massive neutrinos and the flavor change of the neutrino traveling from the source to the detector in the framework of three-neutrino mixing. The recoilelectron energy and angular distributions in the free-electron approximation have been brought into focus. The manifestations of the neutrino millicharges and magnetic moments in these distributions have been discussed. Some comments should be made about the applicability of the free-electron approximation. When the energy-transfer value T is comparable to the electron binding energy, this approximation becomes not generally valid anymore. In particular, for atomic electrons it was found that with decreasing the T value the contribution to the cross section associated with the neutrino millicharge exhibits strong enhancement as compared to the free-electron case [14] . This is the so-called atomic ionization effect, which is observed for ultrarelativistic charged projectiles and which can be estimated within the equivalent photon approximation. At the same time, if the neutrino millicharges are zero, i.e., e jk = 0, the energy differential cross section for neutrino scattering on atomic electrons is well approximated by the stepping formula
where n β and ε β are the number and binding energy of electrons in the (sub)shell β. The stepping approximation was first introduced in Ref. [15] on the basis of numerical calculations for the case of an iodine atomic target, and later it was supported by a general theoretical analysis [9, 12] . Notable deviations of the weak and magnetic cross sections from the stepping formula (18) are found only close to the ionization threshold [16, 17] , where the cross-section values decrease relative to the free-electron approximation. The latter behavior is attributed to the effects of electron-electron correlations in atoms [12] . The impact of electron-binding effects on the angular differential cross section dσ/dΩ e is, in general, more involved. In particular, after being knocked by the neutrino the atomic electron can recoil from the atomic nucleus. This leads to a nonzero electron angular distribution in the backward hemisphere, what is kinematically forbidden in the free-electron model.
